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1. Resw of RsBegEEb Xcco@Jsr' .mentg 

This r e sea rch  was i n i t i a t e d  in  S e p t e d e r ,  1963,* Most of t h e  e f f o r t  

of t h e  experimental  phasa of t h i s  work, f o r  the first two y e a r s ,  w a s  ex- 

pended on t h e  des ign ,  cons t ruc t ion ,  and c e s t i n g  of an angular  i o n - s c a t t e r i n g  

appa ra tus  (AISA). The func t ion  of this a p p a r a t u s  is t o  g ive  t h e  angu la r  and 

kinetic energy d i s t r i b u t i o n s  of the charged produsts  of c o l l i s i o n s  of low 

energy (1 - 200 eV) i o n s  w i t h  n e u t r a l  atoms and molecules. From such meas- 

urements, i t  has  been p o s s i b l e  t c  o b t a i n  d e t a i l e d  information r ega rd ing  t h e  

dynamics and e n e r g e t i c s  of a number of types of ion -neu t r a l  c o l l i s i o n s .  CoL- 

Zis ion p rocesses  which have been s tud ied  up t o  t h e  p r e s e n t  are: (a) c o l l i -  
+ 

1.; oion-induced d i s s o c i a t i o n  ( C I D ) ,  lll + X = D '  + D + X, where X is A r  or N 

(b) t h e  ion-molesiile r e a c t i o n s :  A r  + D,  

D i  + D2 = D3 + D ,  D2 + H2 = D H t H ,  and D2 + H2 - H2D + D; ( c )  c o l l i s i o n s  

of doubly-charged ions  u i t h  diatomic molecules,  such as A r  

and (d) t h e  non-resonant charge t r a n s f e r  p rocesses  H e  

N e  + N2 - N e  (NZ) ; and At* + Ar = A r +  + Ar'. 

r e s e a r c h  has  been c a r r i e d  ou t  on e l a s t i c  s c a t t e r i n g ,  using the  JWKB approxi- 

+ f + + D2 = A r D  + D, N2 + D2 = N2D 

+ 4- + -b + 
2 

++ + + *  + N2 = A r  + (N2) , 
+ + *  + N2 = He + ( N 2 )  ; 

In a d d i t i o n ,  t h e o r e t i c a l  + + + *  

metion, and on t h e  enhancement of experimental  r e s o l u t i o n  by a numerical 

unfolding procedure.  Each of these s t u d i e s  will be desc r ibed  b r i e f l y  i n  the  

remainder of t h i s  s e c t i o n .  

( a )  Collision-Induced Dissociat ion 

A f t e r  t h e  i n i t i a l  (and q u i t e  s u c c e s s f u l )  performance tests of AISA, i t  
+ 

was used i n  s t u d i e s  of coll isbon-induced d i s soc fac ion  (CID) of D2 i o n s ,  by 

A r  and N 2  t a r g e t s .  
+ 
2 The D C I D  s t u d i e s  imply t h a t  t h e s e  processes  proceed 

'"hie r e sea rch  w a s  supported by Grant AFOSR-471-64, from September 1, 1963 
t o  September 30, 1965. 
from t h e  U. F. NASA I n s t i t u t i o n a l  Grant NSG-542. 

Concurrent s u p p a r t  of t h i s  work has  been r ece ived  
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+ + *  by t h e  two-step mechanism: D2 9 X - (D2: 9 X, followed by (Dl)* = D+ + D. 

The n a t u r e  of t h e  product  D 

t h a t  apprec i ab le  numbers of t h e  primary Di i ons  (which were formed by elec- 

t r o n  impact) are i n  h ighly  exc i t ed  v ib ra t iona l .  states. The C I D  work is  de- 

+ 
i o n  k i n e t i c  energy d i s t r i b u t i o n s  i n d i c a t e s  

aspibed i n  d e t a i l  i n  paper 7 ,  l i s t e d  i n  the  s e c t i o n  on Pub l i ca t ions .  

(b] Ion-Molecule React ions 

The s t u d i e s  of t h e  r e a c t i o n s  A r  + f D2 = APD' + D and N2 + + D2 = N2D + + D 

are discuesed in d e t a i l  i n  paper 6 ,  Pub l i ca t ions .  These experiments show 

+ + t h a t ,  over a wide range of c o l l i s i o n  ene rg ie s ,  t h e  krD and N D r e a c t i o n s  

conform c l o s e l y  t o  the  p red ic t ions  o f  a simple "pick-up'' model. 

2 

In  t h e  

pick-up (o r  " spec ta to r  s t r ipp ing" )  model the  incoming primary i o n  e x t r a c t s  

a D atom from t h e  D2 t a r g e t ,  l eav ing  behind a D atom which is e s s e n t i a l l y  

a t  rest  i n  the  l abora to ry  co6rdinate  sys tem.  A s  a consequence of energy- 

momentum conserva t ion ,  t he  P.rD or N D products  cont inue  on i n  the  p r i m a r y  2 

i o n  d i r e c t i o n ,  and have i n t e r n a l  e x c i t a t i o n  energy which i n c r e a s e s  as t h e  

+ + 

c o l l i s i o n  energy is  increased .  At s u f f i c i e n t l y  high c o l l i s i o n  ene rg ie s ,  t he  

e x c i t a t i o n  energy of ArD' ( o r  N D ) pred ic t ed  by the  pick-up model exceeds 

t h e  d i s s o c i a t i o n  energy f o r  ArD' - kr  + D ( o r  N2D+ - N 2  + D'); i n  t h i s  high 

energy reg ion ,  i t  w a s  found experimental ly  t h a t  t h e  pickup mechanism no 

t 
2 

+ 

longer  holds .  Although pick-up was found t o  be t h e  dominant r e a c t i o n  channel 

over  most of t he  range of t hese  experiments,  another  d i s t i n c t l y  d i f f e r e n t  

mechanism was observed. This  la t ter  has the  same Q as t h e  pick-up process ,  

bu t  i t  corresponds t o  s c a t t e r i n g  of  ArD by 180°, r a t h e r  than O o ,  

i n  t h e  CM system. I t  is  appropr ia te  t o  desc r ibe  t h i s  second process  as a 

+ + 
o r  N2D 

r e c o i l "  o r  "rebound" c o l l i s i o n ,  s i n c e  i n  t h e  CM system the  t a r g e t  D mole- I1 
2 

+ 
tule approaches t h e  A r  o r  N l  ion  wi th  a CM speed v 

recedes  wi th  t h e  same speed vo, but wi th  reversed  d i r e c t i o n .  

and t h e  product  D atom 
0' 

The i d e a l i z e d  
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pick-up and r e c o i l  kinematic  models are shown i n  Fig.  1, a long  wi th  some 

p e r t i n e n t  kinematic  information.  The observed angu la r  d i s t r i b u t i o n s  f o r  

both A r D  show str ,ong forward c o l l i m a t i o n ,  as would be expected 

from t h e  pick-up model, and show no evidence of t h e  "wingst' i n  t h e  region 

+ + and N2D 

of t h e  maximum l a b o r a t o r y  s c a t t e r i n g  angle  which would be expected i f  t h e  

r e a c t i o n  proceeded by means of a long-lived in t e rmed ia t e  complex ion  ( ( A r D  ) + *  
2 

+ + + + Extensive s t u d i e s  of t h e  r e a c t i o n s  D2 f D2 = D + D, D2 + H2 = D2H + H, 3 
+ + and D2 + H2 = H D 

t i o n e ) .  

range 2 - 15 e V ,  s i n c e  usable  D cu r ren t s  could n o t  be ob ta ined  below about 

2 e V ,  and t h e  r e a c t i o n  c ros s - sec t ions ,  and product  i on  c u r r e n t s ,  became 

+ D have been r ecen t ly  completed ( s e e  i t e m  10, Publ ica-  

These s t u d i e s  cover only t h e  r a t h e r  r e s t r i c t e d  primary ion  energy 

2 

+ 
2 

very small above about 15 e V .  Nevertheless i t  was p o s s i b l e  t o  o b t a i n  a 

cons ide rab le  amount of d e t a i l e d  information concerning t h e  dynamics of t hese  

r e a c t i v e  c o l l i s i o n s .  I t  was found t h a t  t h e  most probable  r e a c t i o n  channel 

+ + + + 
3 for D and D2H formation is  pick-up ( a s  was t h e  case f o r  A r D  and N 2 D  ). 

In t h e  case  of D+ another  r eac t ion  channel,  i n  which the  CM v e l o c i t y  of 

D was zero (wi th in  experimental  e r r o r ) ,  was a l s o  observed. This  la t ter  

p rocess  i s  a completely i n e l a s t i c  c o l l i s i o n ,  i n  which a l l  of t h e  a v a i l a b l e  

3' 
+ 
3 

k i n e t i c  energy i n  t h e  c o l l i s i o n  appears as i n t e r n a l  e x c i t a t i o n  of t h e  prod- 

+ + + 
u c t  D3. H2D , which is  formed by e x t r a c t i o n  of a D i on  from the  i n c i d e n t  

+ D2 by t h e  t a r g e t  H2,  was a l s o  observed, and was a l s o  found t o  be produced 

i n  a completely i n e l a s t i c  c o l l i s i o n .  

v i a  t h e  completely i n e l a s t i c  c o l l i s i o n  corresponds t o  e x t r a c t i o n  of D , 

from D2,  by t h e  D2 t a r g e t .  

+ 
3 From t h i s  w e  i n f e r  t h a t  D formation 

+ 
+ 

A number of t h e  product Ion K.E. d i s t r i b u t i o n s  were unfolded ( o r  de- 

convoluted) ,  u s ing  a computer program devised by G. E. Ioup and B. s. Thomas 
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+ ' +  
4 ,  r e f e r  t o  A+, B 2 ,  AB+, B ,  r e s p e c t i v e l y .  
p a r t i c l e  i n  l a b o r a t o r y  system; is  mass of ith p a r t i c l e .  v i ,  
v i ,  a re  speeds of ith p a r t i c l e  i n  l a b o r a t o r y  and c e n t e r  of  mass 
s y s t e m s ,  r e s p e c t i v e l y .  vo is speed of t h e  c e n t e r  of mass, w i t h  
r e s p e c t  t o  t h e  l a b o r a t o r y  s y s t e m .  For both pick-up and r e c o i l ,  

2 t h 3 '  
F i g .  1 .  C o l l i s i o n  k inemat i c s  f o r  A +  B? = AB + B.  S u b s c r i p t s  1, 

E,, i s  K . E .  of i 

0 = -(M/+/M3)E1. 
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( see  I t e m  11, Pub l i ca t ions ) .  

l a t e r  s e c t i o n  on Theore t i ca l  Work. 

The unfolding procedure I s  descr ibed  i n  t h e  

The purpose of  unfo ld ing  is t o  c o r r e c t  

t h e  observed K.E. d i s t r i b u t i o n s  for  t h e  f i n i t e  K.E. bandwidth of  t h e  primary 

i o n s ,  and hence t o  i n c r e a s e  the  e f f e c t i v e  energy r e s o l u t i o n  of t h e  exper i -  

+ 
menta. 

t i o n  D2 + H2 = D2H 

e r  remarkable s t r u c t u r e .  

Such an unfolded K.E. d i s t r i b u t i o n  f o r  D2H , produced i n  t h e  reac- 

+ + + H ,  is shown i n  Fig. (2b).  It shows unexpected and r a th -  

The p r i n c i p a l  maximum i n  t h e  observed d a t a  (Fig.  

(2a) )  is s p l i t  i n t o  two d i s t i n c t  peaks. I n  a d d i t i o n ,  two a d d i t i o n a l  peaks 

a t  lower energy appear.  

p rocess ,  bu t  the  CM s c a t t e r i n g  angle of D H i ons  which c o n t r i b u t e  t o  i t  i s  

x = 180°, r a t h e r  than X = 0". 

which has  been d iscussed  previously,  i n  connect ion wi th  t h e  A r D  and N D 

r e a c t i o n s .  The computed Q for t he  maximum of peak B is Q - -E where E cm '  crn 

is t h e  t o t a l  i n i t i a l  CM k i n e t i c  energy of t h e  r e a c t a n t  D2 and H spec ie s .  

Thus peak B corresponds t o  a t o t a l l y  i n e l a s t i c  encounter ,  i n  which t h e  prod- 

u c t  D H 

A l l  of t h e  a v a i l a b l e  c o l l i s i o n  energy i n  such a process  of course appears  as 

i n t e r n a l  e x c i t a t i o n  of t he  product s p e c i e s  ( i n  t h i s  ca se ,  D2H 1. 

D appears  a t  a K.E. equa l  t o  t h a t  of t h e  peak i n  t h e  primary D2 i o n  d i s t r i -  

b u t i o n ;  i t  is due t o  a t i n y  amount of  "con tadna t ion"  of t h e  D2H 

i o n  c u r r e n t  by primary D ions.  Such contamination is t o  be expected,  s i n c e  

t h e  primary i o n  c u r r e n t s  a r e  vas t ly  l a r g e r  (ca .  1 0  ) than the  product i on  

Peak A corresponds t o  t h e  same Q a s  t h e  pick-up 

+ 
2 

Thus peak A arises from t h e  " r eco i l "  process ,  

+ + 
2 

+ 
2 

+ and H spec ie s  recede from each o t h e r  w i th  ze ro  r e l a t i v e  v e l o c i t y .  2 

+ 
The shoulder  

+ 
+ product 

+ 
2 

5 

c u r r e n t s .  The f a c t  t h a t  t h i s  contamination shows up c l e a r l y  i n  the  unfolded 

d i s t r i b u t i o n ,  even though i t  is not a t  a l l  ev iden t  i n  the  raw d a t a ,  is a 

s t r o n g  argument i n  favor  of the  v a l i d i t y  of  t h e  unfolding procedure.  Peak 

C corresponds t o  an exothermic r eac t ion  channel,  f o r  which t h e r e  is apparent ly  

no simple kinematic  model. 
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A 

C "a a D 

a+ J. 
@ a  

KINZTIC ENERGY (ef ] )  c 
F i g .  2 .  K i n e t i c  e n e r g y  d i s t r i b u t i o n s  of  DzH+, f r o m  D$+ H2 = D2H t kl. 

( a )  raw d a t a ;  ( b )  I infolded D H+ d i s t r i b u t i o n .  2 
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The unfo ld ing  procedure is capable of g iv ing  dramat ic  improvement i n  

e f f e c t i v e  r e s o l u t i o n ,  and may prove to  b e  u s e f u l  i n  many types  of physical  

experiments.  It m u s t  be app l i ed  with a g r e a t  d e a l  of cau t ion ,  however, and 

a number of experimental  tests of the  method are planned. 

number o f  unfolded r e s u l t s  which have been ob ta ined  so f a r  are a l l  phys i ca l ly  

The conaiderable  

reasonable ,  and w e  have every reason t o  b e l i e v e  i n  t h e  r e l i a b i l i t y  of t h e  un- 

f o l d i n g  procedure.  

(c) C o l l i s i o n s  of Doubly-Charged Ions wi th  Diatomic Molecules 

Extensive s t u d i e s  of  t h e  production of f a s t  singly-charged atomic i o n s ,  

A', from c o l l i s i o n s  of doubly-charged i o n s ,  Au, wi th  d ia tomic  molecules,  

have been c a r r i e d  ou t .  These experiments are of two types :  ( i )  measurements 

+ of the angular  and k i n e t i c  energy d i s t r i b u t i o n s  of t he  product A i o n s ,  a t  

known primary A k i n e t i c  ene rg ie s ,  and (ii) determina t ion  of t o t a l  c ross -  ft 

+ s e c t i o n s  f o r  A product ion ,  as a funct ion of c o l l i s i o n  energy. The ex- 

per iments  ( i )  have been done using t h e  apparatus A I S A  mentioned previous ly .  

The t o t a l  c ross -sec t ion  measurements (ii) have employed t h e  f i x e d  angle  tan- 

dem mass spec t rometer  of  Vance and B a i l e y .  

Angular and k i n e t i c  energy d i s t r i b u t i o n s  have been determined f o r  t h e  

* + +  ++ fo l lowing  c o l l i s i o n  sys t ems :  A r  , N e  , and He i n  N2; Ar- and Ne* i n  

* + H2,  and A r  in D2. The angular  d i s t r i b u t i o n s  show t h a t  t h e  A product i ons  

(where A+ is Ar', Ne', o r  H e  ) a r e  s t r o n g l y  co l l imated  i n  the  primary i o n  
+ 

beam d i r e c t i o n .  

f o r  t h e  Ne*, H2 c o l l i s i o n s ,  t h e  K.E. d i s t r i b u t i o n s  of t h e  A products ,  meas- 

For a l l  t he  c o l l i s i o n s  of doubly-charged ions  wi th  N 2 ,  and 

+ 

ured a t  s c a t t e r i n g  angle  of 8 = O " ,  were f a i r l y  sharp  ( t y p i c a l l y ,  about twdce 

as wide as t h e  p r imary  A 
+t 

K.E. d i s t r i b u t i o n s ) ,  w i th  s i n g l e  maxima a t  somewhat 

h i b e r  e n e r g i e s  than those  of t h e  primary ions .  

s t u d i e s  imply t h a t  t h e  A 

The angular  and e n e r g e t i c  

+ product ions are formed by an i n i t i a l  charge t r a n s f e r  
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+ 
s t e p :  A* + B2 A + (B:)*, i n  which very l i t t l e  momentum is t r a n s f e r r e d  

t o  t h e  t a r g e t  B Since t h e  second i o n i z a t i o n  p o t e n t i a l  of t h e  A atom i s  

gene ra l ly  cons iderably  larger than t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  of t h e  

2 '  

B2 molecule,  app rec i ab le  i n t e r n a l  energy is a v a i l a b l e  f o r  e x c i t a t i o n  of t h e  

product  (B2) . + *  In  most ca ses ,  t h i s  is s u f f i c i e n t  f o r  i t s  subsequent d i s -  

+ e o c i a t i o n :  (Bl)* - B+ + B. In addi t ion ,  t h e  i n t e r a c t i o n  between the A and 

+ B products  is  Coulombic repuls ion ,  so t h a t  t hese  species a r e  a c c e l e r a t e d  

from t h e  s i t e  of t h e  c o l l i s i o n .  

2 

+ From t h e  observed A product  K.E. d i s t r i b u t i o n s ,  and t h e  assumption 

+ ++ + +  t h a t  A is formed by t h e  i n i t i a l  charge t r a n s f e r  s t e p  A + B2 = A + B 2 ,  

information as t o  t h e  c o l l i s i o n  ene rge t i c s ,  and t h e r e f o r e  t h e  p o s s i b l e  i n -  

t e r n a l  energy l e v e l s  of t h e  p a r t i c i p a t i n g  s p e c i e s ,  can be obta ined .  These 

* 
r e s u l t s  f o r  c o l l i s i o n s  of A r  , NeC+ and He* wi th  N are shown i n  Table I. 2 

The R values  l i s t e d  i n  Table  I are c a l c u l a t e d  va lues  of i n t e r n u c l e a r  sep- 

a r a t i o n  a t  which t h e  charge t r a n s f e r  takes  place, assuming a c l a s s i c a l  o r -  

b i t  p i c t u r e ,  and assuming t h a t  the  A 

0 

+ +  - B2 i n t e r a c t i o n  is  Coulomb repu l s ion .  

The c o l l i s i o n s  of Ar* with H and D 2 2 gave k i n e t i c  energy d i s t r u b i t i o n s  

+ of A r  which were d i s t i n c t l y  d i f f e r e n t  from those observed i n  c o l l i s i o n s  

w i t h  N2, The H2 and D2 d i s t r i b u t i o n s  e x h i b i t  a marked double-peaked s t r u c -  

t u r e .  Two such d i s t r i b u t i o n s  are shown i n  Figs .  3 and 4, where the  p r i m a r y  

Ar* energy i s  denoted by E The h igher  energy peaks have maxima s l i g h t l y  1' 

g r e a t e r  than E i n  both cases ,  and are s i m i l a r  t o  the  peaks observed in 

c o l l i s i o n s  wi th  N2. 

e n e r g i e s  which correspond t o  v e l o c i t i e s  i n  t h e  CM system of ze ro ,  i n  both 

1' 
+ The lower energy peaks have maxima a t  A r  l abo ra to ry  

cases. This sugges ts  t h a t  t hese  low energy peaks may arise from the  forma- 

++* t+* t i o n  and subsequent decomposition of t he  complex ions ,  (ArH2 ) o r  (ArD2 ) 

* +t*  + +  via: A r  + B2 = (ArB2  ) = A r  + B2, where B is H o r  D. 
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4 4  TABLE I. Summary of Energetic Measurements for A , N2 Collisions. 

q,8,y 
Collision Primary Ion 
System K . E .  Range 9, Ro 

Remarks and 
Conclusions 

* 
20 - 210 eV Q - +8.0 gV a-0,1.74,4.12 6 > 0; B = 8.0-y+a i+ 

Ar 9 N2 
Ro = 3 . 7  A B=O, up 

y-0, 13.47, 16.4, if y = 0, so that 
This can only be true 

UP I3 = s.o+a 

40 - 190 eV Q = +5 .5  gV a-0,3.2,6.9 6 = 20+a 
++ 

Ne 9 N2 
R 2 2 . 7  A y=0,27.0 

0 

+t 
t-462 0 N2 100 - 200 eV Q = +9.0 eV a = 0 '6 = 30.0 eV only 

R c: 2.5 1 y = 0,40.8 
0 

For A t t  +B2 * A + +  +B29  Q 5 E3+E4-(E1 +E ) - U +U -(U +U ) ,  where 1,2,3,4 1 2  3 4  
t+ + 

2 sefer to A 

system, and U is the internal energy. 

3' laboratory system; E4 can be determined, in term of the measured El and E 

by linear momentum conservation, so Q can be calculated from measurements of 

B 2 ,  A+, and B respectively; E is kinetic energy in laboratory 

E2 = 0, since B is at rest in the 2 

E and E3. 

secorid ionization potential of A; I (B ) is the first I.P. of B and a, B g  

and y are the excitation energies of A 

states, respectively. 

Q is also given by: Q = 1 2 ( A ) - I  (B )+a-(B+y), where 1 2 ( A )  is the 1 1 2  

1 2  2 O  
+ + +  + B2, and A , above their ground 

* ++ + + , N2s both N 
+ *  

'f3 = 30.0 eV implies either that (N2) dissociates, or that N Y  is formed, 

For AP and N ions of very small kinetic energies were observed. 2 
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+t + + 
I n  t h e  A r  , N2 s t u d i e s ,  both N and N i ons  of approximately thermal 2 

ene rg ie s  were observed i n  small q u a n t i t i e s .  

se rved  i n  t h e  ( A r  

No H o r  D i on  species were ob- 

++ , H2, D ) experiments.  This  las t  f a c t  i s  no t  s u r p r i s i n g ,  2 

s i n c e  t h e  t o t a l  c ross -sec t ion  f o r  t he  Ar*, H c o l l i s i o n s  appears t o  b e  about 2 

1/10 t h a t  f o r  Ar*, N2. 

only those  i o n s  which are s c a t t e r e d  i n t o  a very small s o l i d  angle ;  i f  H2 o r  

H were s c a t t e r e d  through a broad range of ang le s ,  then t h e  f l u x  of t hese  

I n  add i t ion ,  t h e  product  i o n  d e t e c t o r  s y s t e m  accep t s  

+ 
+ 

i ons  through t h e  product  d e t e c t o r  could eas i ly  be below t h e  limit of d e t e c t a -  

b i l i t y .  A j o u r n a l  a r t i c l e ,  based on t h e  angular  and e n e r g e t i c  measurements 

descr ibed  above, is  i n  p repa ra t ion  (see i t e m  12 ,  Pub l i ca t ions ) .  A consider-  

a b l e  amount of i n t e r p r e t a t i o n  of these r e s u l t s  remains t o  be done, but  the  

a r t i c l e  should be  f i n i s h e d  before  the  end of t he  c u r r e n t  Grant term. 
++ 

T o t a l  c ros s - sec t ions  f o r  t h e  product ion of Ar' i n  c o l l i s i o n s  of A r  

wi th  H m l e c u l e s ,  over  t he  energy range 20 t o  200 eV, have been c a r r i e d  o u t  

(see i t e m  9,  P u b l i c a t i o n s ) .  

were determined by a r a t h e r  simple e l e c t r o s t a t i c  s e p a r a t i o n  arrangement. 

2 + Currents  of primary Ar* and product A r  ions  

The r e s u l t s  of t h e s e  measurements (which are of a pre l iminary  n a t u r e )  are 

shown i n  Fig. 5 .  Extension of t o t a l  c ross -sec t ion  measurements of t h i s  type 

t o  a number of  c o l l i s i o n  systems is planned. 

The angular  and e n e r g e t i c  s t u d i e s  descr ibed  above are incomplete,  s i n c e  

+ ++ product  of t h e  processes  A they g ive  only information about the f a s t  A + B2 
= A+ + Bi. 
s tood  i f  t h e  angular  and ene rge t i c  d i s t r i b u t i o n s  of t h e  product  B: i ons  (or  

Obviously, t h i s  general  t y p e  of  process  could be much b e t t e r  under- 

+ + B i o n s ,  i f  B2 d i s s o c i a t e s )  could be measured. Such experiments are planned, 

and t h e  appara tus  i n  which they are t o  be  c a r r i e d  ou t  i s  now be ing  cons t ruc ted .  
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(d) C m  Trans fe r  S tud ie s  

The angular  s c a t t e r i n g  apparatus  has  been used i n  s t u d i e s  of t h e  non- 

+ + N 2  = + + *  + N2 * H e  + (N2) resonant  charge t r a n s f e r  processes:  He and Ne 

+ *  Ne + (N2) . 
served ,  and i t  has been poss ib l e  t o  measure both K.E. and angular  d i s t r i b u -  

t i o n s  of t hese  N i ons  over  an apprec iab le  range of c o l l i s i o n  ene rg ie s .  The 

r e s u l t s  of  t hese  experiments a r e  r a t h e r  s u r p r i s i n g ,  and c e r t a i n l y  n o t  what 

For both  these  systems, moderately e n e r g e t i c  N+ i o n s  were ob- 2 

+ 
2 

would be expected on t h e  bas i s  of s imple no t ions  of t h e  charge t r a n s f e r  proc- 

ess. The He+ ,  N2 t r a n s f e r  i s  exothermic,  and a p p e a r s  t o  r e s u l t  i n  (N ) 
+ *  
2 i n  

a s i n g l e  i n t e r n a l  s t a t e ;  i . e . ,  t h i s  r e a c t i o n  proceeds wi th  a s i n g u l a r  va lue  

of Q.  The b e s t  measure of Q ,  over t h e  p r i m a r y  i o n  energy range 2 - 30 e V ,  

is  Q - +1.0 eV. The d a t a  i n d i c a t e  t h a t  t he  t o t a l  t r a n s f e r  c ross -sec t ion  in -  

c r e a s e s  r ap id ly  as t h e  c o l l i s i o n  energy i s  decreased. I n  c o n t r a s t  t o  t he  

o b s e r v a t i o n s ,  t h e  s imple a d i a b a t i c  c r i t e r i o n  of Massey p r e d i c t s  t h a t  the  

t r a n s f e r  c ross -sec t ion  should b e  neg l ig ib ly  small, f o r  1Q1 apprec iab ly  d i f -  

f e r e n t  from zero ,  a t  such low c o l l i s i o n  energ ies .  t 
+ I n  the  case  of Ne + N 2  

Ne + N2 - N e  + (Ni)*, t he  measurements i n d i c a t e  t h a t  t h e  t o t a l  c ross -sec t ion  

i s  very small above primary ion  energ ies  of  about 10 e V ,  but  rises rap id ly  

from t h i s  p o i n t ,  as energy i s  decreased;  reaches  a maximum a t  about 5.5 e V ;  

and then  drops r ap id ly  t o  an apparent  th reshold  a t  3.0 eV. The apparent  

t h re sho ld  is  i n d i c a t i v e  of an  endothermic process ,  and i s  i n  good agreement 

+ 
wi th  t h e  Q c a l c u l a t e d  f o r  t h e  Ne - N2 t r a n s f e r  from t h e  K.E.'s of product 

+ + 
2 N and primary N e  a t  c o l l i s i o n  energ ies  above threshold .  The b e s t  value 

of Q f o r  t h e  Ne 

f e r ,  t h e  energy measurements i n d i c a t e  t h a t  t he  product (N+)* is  i n  t h e  same 

e x c i t e d  l e v e l .  

energy,  slow N i ons  (of approximately thermal energy) have been observed. 

+ - N2 t r a n s f e r  i s  Q = -2.5 e V .  For both t h e  He+ - N t r ans -  2 

2 
+ 

I n  a d d i t i o n  t o  the above N2 p roducts  of moderate k i n e t i c  

+ 
2 
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It has  n o t  been p o s s i b l e  t o  c a r r y  out  r e l i a b l e  measurements on these  "thermal" 

N i o n s ,  s i n c e  most of them appear t o  be  prevented from escaping  from t h e  

c o l l i s i o n  chamber by s u r f a c e  charge d i s t r i b u t i o n s .  N i o n s ,  presumably from 

d i s s o c i a t i o n  of e x c i t e d  (N2) 

+ 
2 

+ 
+ *  

ions ,  have a l s o  been observed. 

The j o u r n a l  a r t i c l e  descr ib ing  these  r e s u l t s  is  now i n  p repa ra t ion .  

I n  add i t ion  t o  t h e  He , N e  i n  N charge t r a n s f e r  s t u d i e s ,  t he  t r a n s f e r  

+ A r  has  been i n v e s t i g a t e d  e x t e n s i v e l y ,  a t  the  p r i -  

+ +  
2 

+ + process  Ar* + A r  = A r  

mary Ar* k i n e t i c  energy 200 eV. + Product A r  i on  k i n e t i c  energy d i s t r i b u -  

t i o n s  measured a t  va r ious  s c a t t e r i n g  angles  show two d i s t i n c t  maxima, one 

l y i n g  above and t h e  o t h e r  s e v e r a l  eV below 200 eV. I f  t h e  unobserved slow 

A r  p roducts  are assumed t o  be i n  the  ground s t a t e ,  then t h e  observa t ions  

+ 
show t h a t  t he  f a s t  A r  products  are  i n  h ighly  exc i t ed  s ta tes ,  ranging from 

t h e  3s 3p6 l e v e l  up t o  the  ion iza t ion  l i m i t .  By varying t h e  e l e c t r o n  bom- 

bardment energy i n  t h e  ion  source i t  w a s  found t h a t  t h e  A r  corresponding 

+ 

+ 

t o  t h e  high k i n e t i c  energy maximum i n  the  product i on  k i n e t i c  energy p r o f i l e s  

are due t o  exothermic (20/11) r eac t ions  which involve  h ighly  e x c i t e d  meta- 

s t a b l e  l e v e l s  of A r  

dothermic (20/11) r e a c t i o n s  involving only t h e  3s2 3p conf igu ra t ion .  The 

observed angular  d i s t r i b u t i o n  for  t h e  product i ons ,  when ArCC i s  i n  t h e  3s 

3p conf igu ra t ion ,  i nc reases  r a p i d l y  from 0" t o  a maximum a t  about 4' and 

dec reases  t h e r e a f t e r .  T h e  A r  product i ons  a s soc ia t ed  wi th  h ighly  e x c i t e d  

A r  p r imar i e s  are found t o  be  sharply forward co l l imated .  A p a p e r  desc r ib -  

i n g  t h e  A r  , A r  t r a n s f e r  s t u d i e s  w i l l  be presented  at  t h e  20th Annual Cas- 

eous E l e c t r o n i c s  Conference,  San Franc isco ,  Oct. 18-20, 1967. A j o u r n a l  

-ti- , while  the  slower group of observed Ar+ a r e  due t o  en- 

4 

2 

4 

+ 
++ 

++ 

ar t ic le  based on t h i s  work is i n  p repa ra t ion .  
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T h e o r e t i c a l  Research 

A For t r an  program f o r  computing d i f f e r e n t i a l  ion-atom e l a s t i c  S c a t t e r i n g  

c ros s - sec t ions ,  i n  t h e  JWKB approximation, is i n  p repa ra t ion ,  and i s  nea r ing  

completion. The method of c a l c u l a t i o n  is s i m i l a r  t o  t h a t  of Ford and Wheeler. 

To t h e  b e s t  of our  knowledge, t h i s  program is  the  f i r s t  i n  which t h e  second 

d e r i v a t i v e  of t h e  s c a t t e r i n g  angle  wi th  respect t o  impact parameter i s  ca l -  

c u l a t e d  d i r e c t l y .  Improvements over prev ious  computational schemes have been 

made which should sho r t en  t h e  time requ i r ed  t o  compute t h e  c ros s - sec t ions  a t  

each c o l l i s i o n  energy apprec iab ly .  As i t  now s t ands ,  t h i s  program can be 

used f o r  e l a s t i c  s c a t t e r i n g  as descr ibed by a s i n g l e  i n t e r a c t i o n  p o t e n t i a l .  

Ca lcu la t ions  for s e v e r a l  s p e c i f i c  c o l l i s i o n  systems w i l l  be c a r r i e d  ou t  in the  

n e a r  f u t u r e .  

I n  o rde r  t o  opt imize t h e  r e s o l u t i o n  a v a i l a b l e  i n  beam-collision exper i -  

ments, an unfolding procedure has been devised  which c o r r e c t s  a n a l y t i c a l l y  

f o r  t h e  spread i n  k i n e t i c  energy of t he  p r o j e c t i l e  p a r t i c l e s ,  and f o r  o t h e r  

broadening f a c t o r s .  Such "broadening" of experimental  r e s u l t s  is  descr ibed  

by t h e  convolut ion equat ion:  

where h (x )  is  t h e  observed d i s t r i b u t i o n  i n  x (where x is, f o r  i n s t a n c e ,  

k i n e t i c  energy) ,  f ( y )  i s  t h e  i d e a l  d i s t r i b u t i o n  which would be observed i n  

t h e  absence of  broadening, and g(z)  i s  t h e  r e s o l u t i o n  func t ion  which char- 

a c t e r i z e s  the  broadening. The funct ion g(z)  may desc r ibe  a l l ,  o r  any aspec t  

o f ,  t h e  broadening. This  i n t e g r a l  equat ion  was unfolded ( o r  deconvoluted) 

t o  g ive  a s o l u t i o n  f o r  f ( y ) ,  by a method similar t o  those  employed by Mor- 

r i s o n ,  Bracewell  and Roberts ,  and o t h e r s .  The g (z>  was taken t o  be t h e  ob- 

se rved  d i s t r i b u t i o n  of t h e  primary beam par t ic les  over t h e  v a r i a b l e  z (z was 
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k i n e t i c  energy,  i n  most c a s e s ) ,  thus c o r r e c t i n g  f o r  bo th  t h e  primary p a r t i c l e  

spread  i n  z and t h e  f i n i t e  bandwidth i n  z of  t h e  d e t e c t o r  system. 

unfo ld ing ,  incompatible  no i se  was removed from t h e  exper imenta l  h (x )  d i s t r i -  

bu t ion  by a p p l i c a t i o n  of  Morrison's i t e r a t i v e  smoothing technique.  

smoothing, f ( y )  was recovered using Van Ci t te r t ' s  i t e r a t i v e  method. A com- 

p u t e r  program f o r  c a r r y i n g  out  t h i s  smoothing and unfo ld ing  has  been w r i t t e n .  

R e s u l t s  ob ta ined  from t h i s  program have been compared wi th  those  g o t t e n  us ing  

rhe Four ie r  method o f  smoothing and deconvolut ing.  

Before 

A f t e r  

The sample p o i n t s  which comprise t h e  primary p a r t i c l e  d i s t r i b u t i o n  do 

no t  gene ra l ly  occur  i n  convenient p o s i t i o n s  f o r  use i n  t h e  i t e r a t i v e  cqua- 

e ions .  For t h i s  reason,  a program has  been w r i t t e n  which t r a n s l a t e s  t hese  

p o i n t s ,  wi th  n e g l i g i b l e  end poin t  approximation. 

As has been d i scussed ,  previously a p p l i c a t i o n  of  t h e  smoothing-unfolding 

technique has  a l r eady  r e s u l t e d  i n  s i g n i f i c a n t  improvement i n  exper imenta l  

r e s o l u t i o n .  Future  work a long  these l i n e s  is planned, 

The t h e o r e t i c a l  i n v e s t i g a t i o n s  of a c c i d e n t a l  degeneracy have r e s u l t e d  

i n  t h e  p u b l i c a t i o n  of  two jou rna l  ar t ic les  (see i tems 1, and 2 ,  P u b l i c a t i o n s ) .  

The r e s u l t s  of t h i s  work are most i n t e r e s t i n g ,  bu t  inasmuch as they do no t  

seem d i r e c t l y  a p p l i c a b l e  t o  atomic c o l l i s i o n  phenomena, t h i s  l i n e  of r e sea rch  

w i l l  no t  be cont inued under t h i s  Grant. 
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